Plus-strand RNA viruses characteristically replicate their genome in association with altered cellular membranes. In the present study, the capacity of hepatitis C virus (HCV) proteins to elicit intracellular membrane alterations was investigated by expressing, in tetracycline-regulated cell lines, a comprehensive panel of HCV proteins individually as well as in the context of the entire HCV polyprotein. As visualized by electron microscopy (EM), expression of the combined structural proteins core-E1-E2-p7, the NS3-4A complex, and protein NS4B induced distinct membrane alterations. By immunogold EM (IEM), the membrane-altering proteins were always found to localize to the respective altered membranes. NS4B, a protein of hitherto unknown function, induced a tight structure, designated membranous web, consisting of vesicles in a membranous matrix. Expression of the entire HCV polyprotein gave rise to membrane budding into rough endoplasmic reticulum vacuoles, to the membranous web, and to tightly associated vesicles often surrounding the membranous web. By IEM, all HCV proteins were found to be associated with the NS4B-induced membranous web, forming a membrane-associated multiprotein complex. A similar web-like structure in livers of HCV-infected chimpanzees was previously described (Pfeifer et al., Virchows Arch. B., 33:233-243, 1980). In view of this finding and the observation that all HCV proteins accumulate on the membranous web, we propose that the membranous web forms the viral replication complex in HCV-infected cells.
Hepatitis C virus (HCV) is a major cause of liver disease, including chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma. Despite the identification in 1989 of HCV as the most common etiologic agent of posttransfusion and sporadic non-A, non-B hepatitis (15, 32) , its replication cycle and pathogenesis are incompletely understood. Investigations have been hampered by the lack of a permissive cell culture system which would allow to investigate the full intracellular replication cycle of HCV, including the formation of virus progeny. Progress has been made towards understanding the viral replication cycle by using heterologous expression systems, functional cDNA clones, and selectable subgenomic replicons (30, 34; reviewed in reference 3).
HCV contains a single-stranded RNA genome of positive polarity and of approximately 9,600 nucleotides in length (Fig.  1) . The 5Ј noncoding region contains an internal ribosomal entry site for cap-independent translation initiation (49, 50) . The primary translation product of about 3,000 amino acids is co-and posttranslationally processed by cellular and viral proteases to yield the mature structural and nonstructural proteins. The structural proteins include the core protein, which forms the viral capsid, and the envelope glycoproteins E1 and E2. The nonstructural proteins include an autoprotease (NS2-3), a serine protease and a helicase (NS3), as well as a serine protease cofactor (NS4A) (25, 26) . The function of NS4B is unknown. The NS5A protein was suggested to be involved in interferon resistance (21, 47) . The NS5B protein is an integral membrane protein (44) and functions, in concert with other nonstructural proteins and as yet unidentified host cell components, as an RNA-dependent RNA polymerase (RdRp) (4) replicating the viral genome in a presumably membrane-bound RNA replication complex.
Virtually all plus-strand RNA viruses investigated, i.e., picornavirus (6, 10) , nidovirus (23, 37) , Kunjin virus (51) , and certain plant viruses (13) , induce distinct membrane alterations which build up a viral RNA replication complex providing the necessary structural scaffold for RNA replication. The formation of membrane-bound replication complexes leads to more or less profound structural alterations of the infected cell. The altered cellular architecture presents as cytopathology which may culminate in cell destruction. For HCV, it is generally believed that the immune response is central to the pathogenesis of liver cell damage, but it is a matter of discussion whether there is, in addition, a direct contribution of the virus through changes in the cellular architecture (reviewed in references 12 and 28). Thus, the analysis of HCV-induced membrane alterations could help to elucidate the pathogenetic mechanisms of HCV-induced liver cell injury.
All HCV proteins interact with host cell membranes, either directly as membrane-binding proteins or, in the case of NS3, via interaction with the membrane-anchoring protein NS4A (52) . The core protein has been shown to be targeted to the rough endoplasmic reticulum (rER) membrane by a signal recognition particle-dependent mechanism (42) . The envelope glycoproteins and the NS2 protein contain transmembrane domains (17, 43) , as does NS4B, which colocalizes with all other nonstructural proteins on rER-derived membranes (29) . NS5A was found to be an integral membrane protein, inserted into the membrane via an N-terminal amphipathic alpha-helix (11) . NS5B, the HCV RdRp, was recently identified as a new member of the tail-anchored protein family, a class of integral membrane proteins that are membrane targeted posttranslationally via a carboxyterminal membrane insertion sequence (44) . However, it is unknown whether HCV proteins have the capability to induce membrane alterations related to a putative replication complex and to virus-induced cytopathology.
In this study, we assessed the propensity of HCV proteins to induce changes in membrane architecture by expressing a comprehensive panel of HCV proteins individually as well as in the context of the entire open reading frame (ORF) in tetracycline-regulated cell lines. We have shown previously that the viral structural and nonstructural proteins are faithfully processed and posttranslationally modified in these cell lines (19, 29, 36, 44, 52) . Membrane alterations were analyzed by electron microscopy (EM), and viral proteins were localized by immunogold EM (IEM). The interactions of the nonstructural proteins with one another and the formation of a multiprotein complex on rER-derived membranes (29) necessitate the expression of single proteins in order to assess their individual roles in the induction of membrane alterations.
It was found that distinct patterns of intracellular membrane changes were induced by the structural proteins (core, E1, E2, p7) and the nonstructural proteins NS3-4A and NS4B. Expression of all structural and nonstructural proteins in the context of the entire HCV polyprotein induced similar membrane changes, importantly a tight structure, designated membranous web, consisting of small vesicles embedded in a membranous matrix. By IEM, all structural and nonstructural HCV proteins were found to be associated with this structure. Formation of the membranous web was triggered by the NS4B protein expressed in the absence of any other HCV protein. Interestingly, a morphologically similar structure, termed sponge-like inclusion (38) , has been found to be characteristic for HCVinfected livers of chimpanzees. Our findings lead us to propose that the membranous web might comprise the HCV replication complex in infected cells.
MATERIALS AND METHODS
Cell lines inducibly expressing HCV proteins. Tetracycline-regulated cell lines were established (35, 36) by stable transfection of U-2 OS human osteosarcoma cells (American Type Culture Collection, Rockville, Md.) first with the tetracycline-controlled transactivator (24) and second with different HCV cDNA constructs under the control of a tetracycline-controlled transactivator-dependent promoter. The viral protein expression is tightly regulated and reaches a steady state 24 to 48 h following tetracycline withdrawal (36) . The HCV expression cassettes present in the different cell lines used in this study are schematically illustrated in Fig. 1 . UHCVcon-57.3 (44), UNS4Bcon-4 (29), UNS5Acon-37.2 (11), and UNS5Bcon-5 (44) cells allow the tightly regulated expression of the entire polyprotein, the NS4B protein, the NS5A protein, and the NS5B RdRp, respectively, derived from a functional HCV H consensus cDNA clone (30) . UNS3-4A-24 cells allow the inducible expression of the NS3-4A complex (25) , derived from a prototype HCV H cDNA clone. The cell line UCp7con-9.1, allowing the expression of the structural region (core-E1-E2-p7, amino acid positions 1 to 809), will be described in detail elsewhere (D. Moradpour et al., unpublished data). HCV H prototype and consensus cDNA clones were kindly provided by Charles M. Rice, Rockefeller University, New York, N.Y.
Chimpanzees. For comparison with cell culture data, archival photographs and Epon-embedded liver specimens of chimpanzees were reevaluated. After one or two preinoculation biopsies, the animals were infected with pooled human sera in 1978 and became seropositive for HCV. Liver biopsies were taken at weekly intervals. The experiments were performed at Immuno AG, Vienna, Austria, by Christine and Gerhard Eder. The electron micrographs and the embedded material were kindly supplied by Fred Gudat, Institute for Pathology, University of Basel, Basel, Switzerland.
Abs. The monoclonal antibodies (MAbs) C7-50 against HCV core protein (35) and 1B6 against NS3 (52) were described previously. A rabbit polyclonal antiserum was raised against recombinant HCV core protein (Moradpour et al., unpublished) . MAbs A4 and A11 against E1 and E2, respectively (18) As secondary Ab, goat antimouse Ab coupled to 10-nm gold or goat antirabbit Ab coupled to 5-or 15-nm gold were used. All gold conjugates were purchased from Amersham, Little Chalfont, United Kingdom.
EM and IEM. For EM and IEM, cells were induced to express the appropriate protein(s) by tetracycline withdrawal and the cells were harvested 48 h later. For conventional EM, cells were trypsinized and fixed in 2.5% glutaraldehyde followed by 2% osmium tetroxide, dehydrated, prestained with 2% uranyl acetate in acetone, and embedded in Poly/Bed 812 (Polysciences, Warrington, Pa.) according to standard protocols. For IEM, cells were fixed in 2% paraformaldehyde, treated with uranyl carbonate, and embedded in LRGold (London Resin Co., London, United Kingdom) as described previously (6) .
For immunocytochemical labeling, unspecific binding sites on the sections were blocked by goat serum and bovine serum albumin. The sections were then incubated on primary Abs at appropriate dilutions, followed by incubation on gold-tagged secondary Abs before being stained with uranyl acetate and lead hydroxide as described elsewhere (5) . For the simultaneous detection of two HCV proteins, the sections were incubated on the appropriate two primary Abs raised in different species, followed by two corresponding antispecies Abs, tagged with two different gold grain sizes (5). As negative controls, UHCVcon-57.3 cells, repressed by tetracycline, were assayed with the anti-HCV Ab listed. UHCVcon-57.3 cells, expressing the entire polyprotein of HCV after tetracycline withdrawal, were tested with an unrelated anti-poliovirus protein 2B MAb. Specimens were viewed and photographed in a Philips CM100 EM.
RESULTS
Expression of the HCV polyprotein induces distinct membrane alterations. EM analyses of UHCVcon-57.3 cells, which inducibly express the entire ORF derived from a functional genotype 1a HCV cDNA clone (Fig. 1) , were performed. UHCVcon-57.3 cells in which HCV protein expression was repressed by tetracycline showed no membrane changes (Fig. 2) . Figure 3a demonstrates the appearance of distinct membrane alterations in the cytoplasm of UHCVcon-57.3 cells expressing the HCV polyprotein. The extent and the relative amount of the individual alterations varied considerably from cell to cell. Their aspect, however, was consistent and reproducible, allowing for a schematic classification. One alteration consisted of vesicles embedded in a membranous matrix of circular or very tightly undulating membranes which formed a rather compact structure. This alteration was designated membranous web. A second alteration consisted of tightly associated vesicles which often surrounded the web. Lipid droplets, known to occur as a consequence of HCV core protein expression (2, 27, 35) , were observed rather frequently. Figure 3b shows two of the membrane alterations at higher magnification. The membranous web consisted of vesicles with a diameter of approximately 85 nm. The shape of the second type of vesicles was irregular, and their membranes were in such close contact that two lipid bilayers often were fused into one trilayer, hence the proposed name of contiguous vesicles. Interestingly, their aspect resembled closely that of vesicles arising during poliovirus infection (6, 16, 48) . Figure 3c shows a further type of vesicles with a ribosome-carrying membrane and thus representing dilated rER. They were of various sizes; in some of the vesicles, intrusions, i.e., budding of the rER membrane into the lumen, may be seen. Occasionally, smooth-surfaced single vesicles (not shown) similar to those depicted in Fig. 4a were found.
Membrane alterations induced by the expressions of individual HCV proteins.
To test which of the HCV proteins induces the membrane alterations observed after the expression of the entire HCV ORF, cell lines expressing individual proteins or combinations of proteins (Fig. 1) were examined. Among the nonstructural proteins, the NS3-4A complex and the NS4B protein each induced a distinct membrane alteration. The proteins NS3 and NS4A, which form a stable complex (52), induced the formation of large amounts of smooth single vesicles (Fig. 4a) . NS4B gave raise to the membranous web, at the same time reducing the amount of rER. The remaining rER was found associated, often in continuity, with the web (Fig. 4b) . This finding, together with the notion that NS4B colocalizes with the rER marker protein disulfide isomerase (29) , suggests that the web is an rER-derived structure. The two most C-terminal proteins, NS5A and NS5B, did not induce distinct membrane alterations, although both proteins are known to interact with membranes (11, 44) . Only in some NS5B-expressing UNS5Bcon-5 cells could vacuolated rER be detected (not shown).
The combined structural proteins expressed in UCp7con-9.1 cells (Fig. 1 ) induced lipid droplets (not shown, but similar to those depicted in Fig. 3a) and, in addition, large dilatations of the rER (Fig. 4c) . These dilatations were much bigger than the corresponding structures found during expression of the entire HCV polyprotein (not shown). They contained large amounts Of the distinct membrane alterations observed in cells expressing the entire HCV ORF, the contiguous vesicles were not found to be induced by any of the proteins expressed individually but were seen only in cells expressing the entire HCV polyprotein.
Identification of viral proteins associated with membrane alterations. IEM analyses with mono-and polyclonal Abs against HCV structural and nonstructural proteins were performed with cells expressing single proteins, protein combinations, or the entire polyprotein of HCV. After expression of single proteins or protein combinations, these proteins were found associated with the membrane alterations which they induced. The negative controls, as indicated in Materials and Methods, were consistently found to be negative. In cells expressing the NS3-4A complex, both proteins were located on the smooth single vesicles as shown in Fig. 5a for NS3 (immunolabeling for NS4A not shown). In UNS4Bcon-4 cells, NS4B was also located exclusively on the structure which it induces, i.e., the membranous web (Fig. 5b) .
The proteins expressed in UCp7con-9.1 cells were distributed over the membranes budding into the lumen of the rER as shown in Fig. 6a for the E1 protein and in Fig. 6b for the core protein (E2 not shown). In addition, and in accordance with earlier reports (2, 35), core protein was found on lipid droplets (Fig. 6b) and occasionally over the nucleoli (not shown). In double-immunolabeling experiments, E1 and core proteins were both found on the same budding membranes, but still somewhat separated from each other (Fig. 6c) . No virus-like particles or (empty) viruses could be seen.
Immunocytochemical preparations of UHCVcon-57.3 cells expressing the entire HCV polyprotein showed strong labeling reactions on the membranous web. The web was labeled with Abs recognizing the nonstructural proteins NS3, NS4A, NS4B, NS5A, and the structural proteins core and E1 (Fig. 7a to f) , as well as E2 and NS5B (not shown). The location of the proteins p7 and NS2 could not be investigated because of the lack of Abs suitable for IEM analyses. No label was observed on other membrane alterations, with the exception of rER and dilated rER, which were sometimes weakly labeled for structural proteins, whereas lipid droplets were intensely labeled with anticore Ab (Fig. 7d) . It is noteworthy that the contiguous vesicles, representing the most prominent membrane alteration, were not labeled.
Thus, our IEM data indicate that all HCV proteins tested were associated with and retained in the membranous web.
Formation of membrane alterations in chimpanzee liver. Since HCV replication and HCV-induced liver pathology in chimpanzees were extensively studied, it was of interest to compare membrane alterations in chimpanzee hepatocytes to the membrane alterations observed in our HCV protein-expressing cell cultures. The materials available to us consisted of conventionally Epon-embedded blocks and thus precluded IEM investigation. An analysis of newly made sections of the blocks and of archival EM photographs (obtained from Fred Gudat, Basel, Switzerland) revealed, in addition to dense glycogen granules, structures compatible with the membranous web in cultured cells (Fig. 8) . The web-like structure was found in livers of six of seven animals, investigated by weekly biopsies over several months postinfection. In preinoculation biopsies, no web-like structures have been detected. Web-like structures in livers of infected chimpanzees have previously been described as sponge-like inclusions (38) .
DISCUSSION
Expression of individual proteins of several virus species has allowed to elucidate functions of viral gene products. For example, the proteins responsible for triggering the formation of membrane structures involved in viral RNA replication, i.e., the viral replication complex, have been pinpointed in such experiments for poliovirus, hepatitis A virus, and members of the nidoviruses (1, 14, 22, 45, 46) . For HCV, the viral replication complex is not yet characterized. In the present work we show that several structural and nonstructural HCV proteins have the propensity to modify the cellular membrane framework in a characteristic way, some of the alterations being possibly related to the formation of a replication complex. An advantage of protein expression systems is that they presumably do not accumulate adaptive mutations, which are necessary for efficient in vitro propagation of replicons (9, 33) . Thus, the proteins studied are identical to those synthesized during an HCV infection in humans.
The expression of the entire HCV polyprotein induced membrane alterations similar to those found after expression of individual proteins, although there were differences in the extent of membrane transformation. As an exception, the socalled contiguous vesicles were observed only after expression of the entire ORF. Thus, their formation may depend on a concerted action of several viral proteins. The effect of the proteins, however, might be indirect, since by IEM, little if any viral protein was found to be associated with these vesicles. Formally, we cannot rule out that protein NS2, which was not visualized by IEM in the present work, can induce the contiguous vesicles. However, more recently, this type of vesicles was also found in HuH-7 cells harboring a subgenomic replicon lacking NS2 (R. Gosert et al., unpublished data).
The contiguous vesicles have a striking resemblance to the vesicles arising during poliovirus infection. Since the formation of the poliovirus vesicles involves COPII proteins and membrane structures of an altered anterograde membrane pathway (41) , it might well be that the HCV contiguous vesicles also In cells expressing the NS4B protein alone, the characteristic membrane alteration was a membranous web. In UHCVcon-57.3 cells expressing the entire HCV polyprotein, as well as in liver cells of HCV-infected chimpanzees, this membrane alteration was detected. In UHCVcon-57.3 cells, the web harbored all HCV structural and nonstructural viral proteins tested. Since the actual intracellular site of HCV RNA replication is not yet determined, the significance of the observed membrane alterations induced by HCV proteins cannot at present be assessed for their roles in virus replication. The observations that all HCV proteins associate with the membranous web and that the same structure is found during HCV replication in chimpanzee liver make the web a good candidate for the replication complex. The contiguous vesicles, always found in close proximity to the web, are less likely to represent the replication complex, since there were only few if any viral proteins found to be associated with this structure.
As inferred from the successful construction of subgenomic replicons (34) , the nonstructural proteins NS3 to NS5B are sufficient to induce the putative membrane alterations competent to support viral replication. Since we found only NS3-4A and NS4B, but not NS5A and NS5B, to induce membrane alterations, the NS3-4A-induced vesicles ( Fig. 4a and 5a) and/or the NS4B-induced web ( Fig. 4b and 5b ) is likely to be the structure(s) equivalent to the HCV replication complex. At present, we favor the view that both alterations might contribute to the replication complex, since the web carries NS3-4A as well as NS4B protein. In addition, our EM pictures are com- patible with an association of NS3-4A-and NS4B-induced structures forming a (higher-order) complex by incorporation of the NS3-4A-induced loose vesicles into a NS4B-induced basic web structure. Such a process would also explain the slight difference in the aspect of the web induced by NS4B alone (Fig. 4b) compared to the web in cells expressing the entire HCV polyprotein (Fig. 3a and b) . The two proteins NS5A and NS5B, found not to alter membranes but still to be present on the web, can be posttranslationally targeted to membranes (44) . This might indicate that these two proteins, of which at least the RdRp NS5B is necessary for RNA replication, are attracted and incorporated into a nascent or already completed web to form the final functional replication complex. Very recently, the NS4B protein of the HCV-related pestiviruses was reported to play a role in cytopathogenicity of the virus (39) . For HCV, no function for NS4B was described so far. Our finding that NS4B induces a distinct membrane structure, possibly related to virus replication, is the first function of HCV NS4B thus far described. Since in other plus-strand RNA viruses, particularly poliovirus, the formation of a replication complex and the induction of cytopathology are coupled (7, 8, 41) , one could speculate that also for HCV, NS4B might be involved in virus-mediated cell injury under certain conditions. Interestingly, adaptive mutations in NS4B have recently been found to greatly enhance replication of HCV replicons in HuH-7 cells (33) .
At present, it is open whether the membrane structures, particularly the web, observed in the absence of RNA replication will be the same when RNA synthesis occurs. In the poliovirus system, expression of viral gene products in the absence of RNA replication induced structures morphologically indistinguishable from the membrane alterations harboring the viral replication complex found in poliovirus-infected or replicon-transfected cells. Only the location of replicating RNA was different from that of nonreplicating RNA, in that only replicating RNA was associated with the membranous vesicles of the replication complex (20, 48) .
The mechanism by which mature, infectious HCV progeny is formed is still enigmatic. By analogy to other flaviviruses, formation of virus particles is thought to occur by budding of protein E1-and/or E2-containing membranes, together with core (capsid) protein, into the lumen of the rER (for a review, see references 3 and 40). The E1 and E2 proteins contain ER retention signals (19) , which is compatible with a role of these proteins in the budding process. In UCp7con-9.1 cells expressing the HCV structural proteins, we were able to visualize the budding process predicted by several authors. The budding was quite extensive, leading to giant rER vacuoles containing large but also very small membrane buds. In UHCVcon-57.3 cells expressing the structural proteins in the context of the entire HCV polyprotein, budding was much less extensive. This may be explained by an overall lower expression level of structural proteins in UHCVcon-57.3 cells than that observed with UCp7con-9.1 cells, and/or retention of the structural proteins in the membranous web, leading to a lower amount of structural proteins available for the budding process. No (empty) virus particles could be found in either UCp7con-9.1 or UHCVcon-57.3 cells. This was expected, since it was found that particle formation requires structured RNA (31) . In addition, it is conceivable that not only virion formation but also release of structural proteins from the web and subsequent migration to the rER has to take place in an RNP complex; thus, it can occur only in a system with ongoing viral RNA replication. In any case, the budding process per se at the rER does not require RNP but can be effected by the structural proteins alone.
Based on the fact that most HCV proteins are membranebinding proteins, several authors (see reference 3 and references therein) have postulated that at least two replication steps of HCV, i.e., RNA replication and virion formation are (ER) membrane associated. The present paper demonstrates that HCV proteins have the propensity to induce distinct alterations of ER membranes, which may represent, in productively infected cells, the scaffolds necessary for virus multiplication.
